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Cycads are a group of slow-growing, perennial, dioecious plants which in geological times thrived during the Mesozoic era. The present
worldwide complement of around 300 species is distributed through both tropical and subtropical regions of the globe, and has pronounced centres
in Australia, Mexico and South Africa. These popular plants are known for their ornamental, economic, dietary and medicinal value. However,
increased demand collectively from this sector, as well as decimation of large tracts of cycad populations in the wild through habitat destruction
and unscrupulous collection, has precipitated a fragile conservation status for the family, with majority of its species listed as threatened by
statutory bodies such as CITES and IUCN. Despite their popularity, cycads have for several centuries been known to be toxic. The plants have
been shown to have carcinogenic, mutagenic, teratogenic and neurotoxic properties, and its major constituent principles macrozamin and cycasin
have exhibited similar effects in model studies. Cycads are used widely in traditional medicine (TM) in South Africa and the majority of endemic
species are commonly traded on local TM markets. The present study deals with the isolation of macrozamin from seed kernels of Encephalartos
transvenosus and quantiﬁcation of this toxic methylazoxymethanol (MAM) glycoside via HPLC in selected indigenous species.
© 2012 SAAB. Published by Elsevier B.V. All rights reserved.
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The present-day group of cycads (Cycadales) comprise the
diverse, modified remnants of a much larger group of gymno-
sperms which flourished in the Mezozoic era, reaching their zenith
in the Jurassic period, some 160 Ma ago (Jones, 1993). These
perennial, dioecious plants, which number around 300 species
worldwide, are restricted to tropical and subtropical regions of the
globe and have centres of prominence in Australia, Mexico and
South Africa (Osborne, 1995). The conservation status of cycads is
precariously positioned within the botanical hierarchy as majority
of its species are indexed as threatened by statutory bodies such asAbbreviations: COSY, correlation spectroscopy; DEPT, distortionless
enhancement by polarisation transfer; EI, electron impact; HRMS, high
resolution mass spectroscopy; HSQC, heteronuclear spin quantum correlation;
LRMS, low resolution mass spectroscopy; MAM, methylazoxymethanol;
NMR, nuclear magnetic resonance.
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doi:10.1016/j.sajb.2012.07.011CITES and IUCN (Osborne, 1995). Within the Cycadales, the
genus Encephalartos (Zamiaceae) is endemic to Africa, with 37 of
its 66 known species occurring in South Africa, while Stangeria
(Stangeriaceae) comprising a single species (Stangeria eriopus)
occurs only in South Africa (Golding and Hurter, 2001). 78% of
South African cycads are listed as threatened, including 12
critically-endangered, 4 endangered and 10 vulnerable species
(Raimondo et al., 2009). While the drastic decline in species from
the wild has been blamed on unscrupulous collection as well as
habitat destruction, the use of these plants for traditional medicinal
(TM) purposes by the indigenous peoples of South Africa has also
had a significant impact on wild cycad populations (Osborne et al.,
1994; Cousins et al., 2012).
Apart from the economic, ornamental and medicinal value of
these plants, cycads have been used both as a staple food source, as
well as an emergency supply during periods of food shortage
(Whiting, 1963). This ethnobotanical significance is epitomised by
the arborescent Mesoamerican cycad Dioon mejiae (Zamiaceae),
used as a wild food additive that supplements the maize-bean diets reserved.
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et al., 2006). Leaves of the plant are also used in this region for
Catholic ritualistic purposes. In other parts of the world, cycad
seeds are most commonly used in the form of a ‘flour’ to produce a
variety of edible products, while ‘arrowroot’ starch is extracted
from the roots of Zamia species and ‘sago’ starch is harvested from
Cycas, Zamia and Macrozamia stems (Thieret, 1958; Whiting,
1963). Leaves of several Cycas species are used as a vegetable in
the Philippines and Indonesia, while the edible root nodules of
Cycas revoluta have been described as a ‘potato-like’ substance
(Thieret, 1958; Whiting, 1963). Locally, the records of early
travellers in South Africa (1772–1779) refer to the preparation of
bread from stems of Encephalartos by the indigenous Xhoi-San of
the Western Cape region (Dyer, 1965).
The diverse medicinal properties of several Cycas species
from various locations have been recorded by Thieret (1958).
In Assam (India) Cycas pectinata is used as a hair-wash for
diseased hair roots, while Cycas circinalis is used in Cambodia
for dressing of ulcerated wounds, swollen glands and boils.
Male cones and pollen of Cycas rumphii, which are known to
be strongly narcotic, are sold as an anodyne in bazaars around
India, while female cones reduced to a poultice are applied to
reduce nephritic pains (Thieret, 1958). In Java, decoctions of
young seeds of Cycas are known to be emetic and have
stomach-purifying properties, while Cycas seed flour is used in
Sri Lanka for bowel complaints and haemorrhoids. In Mexico,
a decoction of seeds of Dioon edule is employed for neuralgia
(Thieret, 1958). In South Africa, the usage of cycads for
traditional medicinal purposes has been known for several
centuries (Watt and Breyer-Brandwijk, 1962). Amongst the
local representatives, Stangeria eriopus (also known as
‘infingo’) is most popular amongst the Zulu and Xhosa people
(Osborne et al., 1994; Duncan et al., 1999), while 25 of the 37
indigenous Encephalartos species (collectively referred to as
‘isiGqiki-somkovu’) were reportedly traded on local TM
markets in Durban and Johannesburg (Cousins et al., 2012).
Despite these diverse and interesting properties, cycads have
long been known to be toxic (Whiting, 1963). For example, the
botanist Banks, who accompanied Captain Cook on his voyage to
Australia in the 1770's, noted that members of the crew became
violently ill after consuming nuts of Cycas media (Whiting,
1963). Roots of Zamia furfuraceae were used in Honduras as a
poison for criminals, while kernels of C. circinalis were used for
the ritual killing of children in Indonesia (Whiting, 1963). The
account of Reitz (1929) refers to the illness suffered by several
members of the Boer commando during the South African War
(1899–1902), including its leader General J.C. Smuts, who
resorted to consuming cycad nuts from the Zuurberg mountains
when food supplies dwindled. One of the earliest reports of cycad
toxicity in the scientific literature by Steyn et al. (1948) refers to
the acute toxicity of several Encephalartos species towards
rabbits. Furthermore, several cycad species have been shown to
be toxic to livestock; and carcinogenic, mutagenic and neurotoxic
in animal model studies (Whiting, 1963; Laqueur et al., 1963;
Morgan and Hoffmann, 1983; Hall andMcGavin, 1968). Despite
these properties, indigenous peoples across the globe appear to
have quite independently devised precautionary measures tominimise the toxic effects of cycads. These include: burying
seeds for up to 2 months, boiling, roasting, and soaking seeds in
water (with repeated changes) or steeping in running water, prior
to consumption (Thieret, 1958; Whiting, 1963).
The adverse effects of cycads have largely been blamed on its
two major constituent principles, the methylazoxymethanol
(MAM) glycosides macrozamin 1 and cycasin 2 which are
unique to and ubiquitous in cycads (Scheme 1). Both compounds
are known to exhibit carcinogenic, teratogenic, mutagenic and
neurotoxic properties (Whiting, 1963; Laqueur et al., 1963;
Morgan and Hoffmann, 1983; Hall and McGavin, 1968). The
toxicity of 1 and 2 has been shown to arise as a result of
hydrolytic release of the MAM aglycone which is eventually
converted to the methylene carbene (:CH2) species, capable of a
host of deleterious metabolic functions such as alkylation of
DNA, RNA and protein (Miller, 1964).
These interesting ethnobotanical, pharmacological and chem-
ical properties of cycads provided the requisite motivation for the
present investigation, during which macrozamin 1 was isolated
from seed kernels of the ‘Modjadji palm’ Encephalartos
transvenosus, and identified by a combination of physical and
spectroscopic techniques. In addition, an HPLC method devel-
oped for quantification of macrozamin revealed this MAM
glycoside to be ubiquitous in several indigenous cycad species
used on the local TM market, detected at fresh weight levels
ranging from 0.026 to 0.23%.
2. Materials and methods
2.1. General
Melting points were determined on aKofler hot stage apparatus.
Optical rotations were obtained on a Perkin–Elmer 241 polarimeter
installed with a λ589 sodium lamp. UV–absorption spectra were
run on a Varian DMS300 spectrophotometer. IR spectra were
measured on a Bio-Rad FTS-40 series spectrometer in dry film.
EIMS was run on a Micromass Quattro Ultima spectrometer fitted
with a direct injection probe (DIP) with ionisation energy set at
70 eV and HRMS (EI) were performed with a Micromass Q-Tof
Ultima spectrometer. 1H and 13CNMR, DEPT, COSY and HSQC
spectra were recorded on a Bruker AV400 spectrometer in D2O,
chemical shifts are reported in units of δ (ppm) and coupling
constants (J) are expressed in Hz. A mixture (1:1) of activated
charcoal (4–8 mesh, Sigma-Aldrich) and celite (14 μm, UniTek)
was used for initial column chromatography, followed by further
purification on a cellulose (0.02–0.25 mm fibre length, Sigma-
Aldrich) column. TLC silica gel 60 F254 (Merck KGaA) plates
were used for analytical TLC with butanol, acetone and water
(BAW) (4:5:1) as developing solvent system. Spots on chromato-
grams were detected by anisaldehyde reagent stain comprising
H2SO4-anisaldehyde-methanol (2:1:97).
2.2. Plant material
Leaf and seed kernel samples of C. revoluta (JJN_07),
Cycas thouarsii (JJN_08), Encephalartos natalensis (JJN_09),
E. transvenosus (JJN_10), Encephalartos villosus (JJN_11) and
Scheme 1. Major methylazoxymethanol (MAM) glycosides occurring in cycads.
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March 2012) in the Botanical Garden of University of KwaZulu-
Natal (Pietermaritzburg) and voucher specimens as indicated
were authenticated by Dr. Christina Potgieter and retained at the
UKZN Herbarium.
2.3. Extraction and isolation of macrozamin
Fresh, ground seed kernels (1.4 kg) of E. transvenosus were
extracted for 48 h with 10 L of 80% EtOH. After this time,
solvent was removed under reduced pressure and the residue
(112 g) dissolved in 95% EtOH (500 mL) and allowed to stand
overnight at 0 °C. The precipitated starch and proteins were
filtered through Whatman No. 1 filter paper and solvent again
removed under vacuum. The syrupy residue (83 g) was then
dissolved in H2O, loaded onto the charcoal–celite column and
eluted with H2O. TLC monitoring (with BAW as mobile phase)
of the fractions collected (10×100 mL) indicated the presence
of glucose, fructose and sucrose. Solvent polarity was then
decreased in a stepwise fashion (10% gradient intervals)
starting with H2O–EtOH (90:10) and ending with the same
solvent mixture in a 50:50 ratio. Crude macrozamin (Rf 0.51 in
BAW) was collected from 10 fractions (each 100 mL) eluted
with H2O–EtOH (70:30), and subsequently purified on a
cellulose column eluting with 80% acetone. Recrystallization
from analytically pure EtOH afforded macrozamin as fine white
crystals (160 mg, 0.011% fr. wt.).
2.4. Physical and spectroscopic data for macrozamin
M.p. 198–202 °C (lit. 199–200 °C, Altenkirk, 1974). [α]D
25 −
70.6° (c 0.4 in H2O) (lit. −71.3°, Cannon et al., 1980). UV
(H2O) λmax/nm (log ε): 215 (3.82) [lit. 215 (3.92), Altenkirk,
1974]. IR νmax/cm
−1 (dry film): 3800–3200 (OH), 2910, 1529
(N–O), 1425, 1371 (N–O), 1329, 1255, 1160 (C–N), 1045
(C–O). HRMS (EI): calcd. 384.1744 for C13H24N2O11, found
384.1732. LRMS (EI) 70 eV, m/z (rel. int.): 384 [M]+ (25),
368 (20), 336 (10), 313 (30), 299 (11), 257 (12), 236 (17), 207
(18), 185 (21), 178 (27), 123 (28), 107 (100). 1HNMR
(400 MHz, D2O): δ 3.35 (1H, dd, J=8.32, 8.01 Hz, H-8), 3.43
(1H, dd, J=8.52, 8.01 Hz, H-2), 3.51 (1H, dd, J=9.12,
8.16 Hz, H-9), 3.58 (1H, dd, J=8.88, 8.04 Hz, H-3), 3.66 (1H,
dd, J=6.48, 5.88 Hz, H-4), 3.70 (1H, m, H-10), 3.90 (2H, dd,
J=11.60, 5.72 Hz, 2H-6), 4.02 (2H, dd, J=11.60, 5.38 Hz,
2H-11), 4.19 (3H, s, 4′-CH3), 4.21 (1H, m, H-5), 4.50 (1H, d,
J=7.72 Hz, H-7), 4.72 (1H, d, J=7.92 Hz, H-1), 5.25 (2H, q,
J=19.36, 16.48, 16.48 Hz, 2H-1′). 13CNMR (100 MHz,D2O): δ 56.65 (q, C-4′), 65.18 (t, C-11), 68.68 (t, C-6),
69.22 (d, C-10), 69.35 (d, C-5), 72.90 (d, C-8), 72.98 (d, C-2),
75.13 (d, C-4), 75.58 (d, C-3), 75.68 (d, C-9), 82.26 (t, C-1′),
101.31 (d, C-1), 103.63 (d, C-7).
2.5. HPLC method for detection of macrozamin
The method employed for detection of macrozamin in cycad
plant material was that of Yagi (2004) and Prado et al. (2011)
with slight modifications. The HPLC system comprised a
Spectra-Physics SP8700 solvent delivery system coupled to a
SP8440 UV/VIS variable wavelength detector (Spectra-Physics,
Santa Clara, CA, USA). Macrozamin was separated isocratically
on a 150×4.6 mm I.D. analytical Luna C-18 reverse phase
column (Phenomenex, Torrance, CA, USA) packed with 5 μm
ODS-2. The mobile phase (with continuous online helium-
degassing) comprised HPLC grade MeOH and H2O (80:20)
(both Sigma-Aldrich) pumped at flow rate of 1 mL/min.
Macrozamin was injected directly into the HPLC system and
detected after 5.4 min at a wavelength of 215 nm with run time
set for 15 min. A standard curve was prepared by serial dilution
of a 1 mg/mL stock solution of macrozamin (in 80% MeOH),
with data points set at 250, 200, 150, 100, 50, 10, 1, 0.1 and
0.05 μg respectively, each containing 0.4 μg added α-naphthol
as internal standard. A minimum of three injections were
performed per data point. Macrozamin/α-naphthol peak area
ratios were plotted against microgram quantities of macrozamin
injected (Fig. 1 shows retention times for macrozamin and
α-naphthol peaks obtained under the conditions described
above). The on-column detection limit for macrozamin was
10 ng at a signal-to-noise (S/N) ratio of 2 and the limit of
quantitation (S/N=10) was found to be 20 ng. The linearity of
response was determined from the limit of quantification (20 ng)
up to the level of 50 μg/mL and all calibration plots showed a
coefficient of determination (R2)N0.99. The precision of the
measurement was determined by performing triplicate injections
under identical conditions and found to have a RSD between 3%
and 8% at the 5 μg/mL level. Sample preparation involved
extraction of 1 g finely ground plant material (leaves or seed
kernels) with 8 mL MeOH for 24 h followed by filtration
through Whatman No. 1 paper and dilution to a volume of
10 mL. A 1 mL aliquot of the primary extract was diluted to
10 mL final volume with MeOH and the resulting solution
(containing 0.4 μg of addedα-naphthol internal standard) filtered
through a 0.45 μm syringe filter (Millipore, Yonezawa, Japan)
before direct injection into the HPLC system. The column was
washed with the solvent blank comprising MeOH/H2O (80:20)
Fig. 1. HPLC chromatogram showing retention times for macrozamin and the
internal standard α-naphthol. Quantities reflected are 0.040 μg and 0.40 μg for
the two compounds, respectively.
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material is expressed as % fresh weight (Table 1).
3. Results and discussion
Identification of the structure of macrozamin 1 (Scheme 1),
which comprises of the disaccharide β-D-primeverose attached via
β-(O)-glycosidic linkage to a Z-configured methylazoxymethanol
moiety, was based on both physical and spectroscopic data
analyses. The melting point (198–202 °C), optical rotation
([α]D
25 −70.6°), UV absorption maximum [λmax (log ε) 215 nm
(3.82)], as well as diagnostic IR absorption bands at 3800–3200
(OH), 1529 (N–O), 1160 (C–N) and 1045 (C–O) cm−1,
respectively, were all in close agreement with data from the
literature (Altenkirk, 1974; Cannon et al., 1980). Furthermore, the
molecule dissociated under electron impact giving the molecular
ion peak [M]+ at m/z 384, correct for the mass of macrozamin,
while HRMS confirmed the mass of the compound as 384.1732 g/
mol, which was calculated as 384.1744 g/mol (for C13H24N2O11).
A comprehensive NMR data set for macrozamin, taking into
account both 1D and 2D high field experiments including DEPT,
COSY and HSQC, is absent from the literature and is thus
presented here for the first time (see Materials and methods
section). The proton signals for macrozamin were all concentrated
in the δ 3–6 regions of the 1HNMR spectrum, indicating, asTable 1
Macrozamin levels in leaves and seed kernels of selected South African cycad
species as determined by HPLC.
Plant material Macrozamin content (%) a,b
Leaves Kernel
Cycas revoluta 0.12±0.052 0.11±0.023
Cycas thouarsii 0.13±0.031 0.11±0.011
Encephalartos natalensis 0.093±0.011 0.074±0.0058
Encephalartos transvenosus 0.068±0.0084 0.026±0.0032
Encephalartos villosus 0.028±0.0095 0.076±0.0069
Stangeria eriopus 0.052±0.0047 0.23±0.043
a Expressed as % fresh weight.
b Values are averages of three runs and standard errors are as indicated.expected, a high degree of oxygenation for its structure. The most
downfield-shifted of these were the 2H-1′ methylene protons (δ
5.25, q, J=19.36, 16.48, 16.48 Hz) of the aglycone moiety, which
were markedly deshielded by the effect of the vicinal azoxy
function. The splitting pattern of these two protons as well as the
large value of their coupling constants indicated long-range
coupling to the N-methyl group (δ 4.19, s, 3H-4′) across the
Z-configured azoxy moiety. This was confirmed by COSY which
showed mutual contours for these two isolated proton systems.
Furthermore, 2H-1′ and 3H-4′ were seen via HSQC to be
connected to carbons which resonated at δ 82.26 (t) and 56.65
(q), respectively. The anomeric protons H-1 and H-7 resonated at δ
4.72 (d, J=7.92 Hz) and 4.50 (d, J=7.72 Hz), correspondent with
carbon doublet resonance signals at δ 101.31 and 103.63
respectively, with H-1 shifted to a lower field (Δδ+0.22 ppm)
through inductive effect of the azoxy group. The coupling
constants for these two protons indicated that both sugar moieties
were β-substituted, as shown previously by single crystal X-ray
crystallography (Cannon et al., 1980). The anomeric protons H-1
and H-7 were linked via COSY interaction with the respective
vicinal methine protons H-2 (δ 3.43, dd, J=8.52, 8.01 Hz) andH-8
(δ 3.35, dd, J=8.32, 8.01 Hz). The oxygen-related H-5 methine
proton (δ 4.21, m) was assignable due to COSY correlation both to
the vicinal methylene 2H-6 (δ 3.90, dd, J=11.60, 5.72 Hz) and
methine H-4 (δ 3.66, dd, J=6.48, 5.88 Hz) protons, respectively.
The remaining proton signals, including a pronounced double
doublet for 2H-11 (δ 4.02, J=11.60, 5.38 Hz) of the ring-B xylose
moiety, were assignable taking into account both COSY and
HSQC correlations. In agreement with the molecular structure of
macrozamin, thirteen carbon resonance signals were accounted for
in the 13CNMR spectrum (seeMaterials and methods section), and
these were refined to nine doublets, three triplets and one quartet
via DEPT analysis.
The macrozamin content of leaves and seed kernels of four
indigenous cycad species, including E. natalensis, E.
transvenosus, E. villosus and S. eriopus as well as two exotic
representatives (C. revoluta and C. thouarsii) was then
determined by HPLC analysis using α-naphthol as internal
standard (Fig. 1), as detailed in the Materials and methods
section. According to this procedure, macrozamin levels
detected ranged from 0.028% to 0.13% (fr. wt.) in leaves and
0.026% to 0.23% in seed kernels (Table 1). The difference in
toxin levels in leaves and kernels was most pronounced for S.
eriopus (0.052% and 0.23%, respectively). Overall, of the three
genera examined, Encephalartos contained the lowest quanti-
ties of macrozamin. The quantity of macrozamin detected
(0.11%) in kernels of C. revoluta (Table 1) was seen to be 2–3
times less than values that have been reported for the plant on a
fresh weight basis using HPLC (De Luca et al., 1980; Moretti et
al., 1981, 1983; Yagi, 2004). Similarly, the single available
report by Moretti et al. (1983) of macrozamin in seeds of C.
thouarsii (0.31%) is contrasted against the present detected
quantity (0.11%). The amount of macrozamin in seeds of S.
eriopus (0.23%) (Table 1) is differentiated from a literature
value (4.7%) (Moretti et al., 1983), while leaf levels seen here
(0.052%) are more comparable to a literature precedent (0.12%)
(Yagi, 2004). Presumably, these large discrepancies in seed
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mental and geographical factors. Seed kernels of E. natalensis
were previously shown via HPLC to contain 0.034% macrozamin
by fresh weight (Yagi, 2004), which is about one-half the present
value (0.074%) shown in Table 1. For E. villosus seeds, two
markedly different values (2.09% and 0.10%, respectively) have
been independently reported (Moretti et al., 1983; Yagi, 2004), the
latter of which compares favourably with the level here detected
(0.076%) as shown in Table 1. Interestingly, the amount of
macrozamin detected by freshweight in E. transvenosus (0.026%)
was roughly twice the amount isolated (0.011%) during the course
of the present phytochemical investigation.
In summary, phytochemical investigation of E. transvenosus
has led to the isolation of the methylazoxymethanol glycoside
macrozamin. A comprehensive physical and spectroscopic data
set for this toxin is here presented for the first time, incorporating
both 1D and 2D high field NMR data. HPLC analysis showed
macrozamin to be ubiquitous in leaf and seed kernel samples of
selected South African cycad species, detected at fresh weight
levels ranging from 0.026 to 0.23%. Despite this, most
indigenous cycad species remain steadfast as traditional herbal
remedies, and are commonly traded on local TM markets.
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